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Edited by Francesc PosasAbstract The autonomously replicating sequence-binding fac-
tor 1 (ABF1) from Sacchramoyces cerevisiae is known as a mul-
tifunctional DNA binding protein that is involved in
transcriptional regulation, DNA-replication, and in restructuring
of chromatin via nucleosome remodelling. ABF1 binds to DNA
sequences found in ARS elements and in various transcriptional
regulatory elements. This led to the early deﬁnition of the con-
sensus motive 5 0-CGTnnnnnnnGA(G/C)-3 0. We have used a SE-
LEX approach to expand and better characterize the DNA
sequence requirements of ABF1. Starting from a pool of oligonu-
cleotides randomized at a sequence of 30 nucleotides, we used
EMSA to select for sequences with high aﬃnity for ABF1. We
obtained the sequences of 106 aptamers after the 15th SELEX
round. A 16 nucleotide consensus was derived from this pool
by analysis with the motif search programme MEME. Quantita-
tive EMSA experiments veriﬁed our experimental approach
since binding sequences which were bound with high aﬃnity oc-
curred more often in the pool and resembled the derived consen-
sus to a higher degree. We found DNA sequences that are bound
by ABF1 with nearly two-magnitude higher aﬃnity as compared
to the hitherto accepted ABF1 consensus sequence. This led us to
postulate a strong recognition motive: 5 0-TnnCGTnnnnnnT-
GAT-3 0.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The ABF1 protein (ARS Binding Factor 1) from Saccharo-
myces cerevisiae has been discovered as a protein which specif-
ically binds to the B3-Box of the autonomously replicating
sequence 1 (ARS1) element [1,2] and stimulates DNA replica-
tion from this yeast origin of replication. Studies over the past
years have shown that ABF1 is a multifunctional protein in-
volved not only in stimulation of DNA replication, but also
in transcriptional regulation and gene silencing at mating-type
loci. The promoter regions of numerous yeast genes [3,4] con-
tain ABF1 binding sites and these genes are involved in diverse*Corresponding author. Fax: +49 921 552432.
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doi:10.1016/j.febslet.2005.07.009biological processes such as carbon source regulation [5], spor-
ulation [6], and ribosomal function [7]. In addition, ABF1 has
been implicated in gene silencing within subtelomeric regions
and in nucleotide excision repair [8]. There is now much exper-
imental evidence indicating that ABF1 exerts its numerous
cellular functions by altering the chromatin structure of target
genes containing ABF1 binding sites. It has been shown for
ARS elements, that ABF1 is involved in the repositioning of
nucleosomes near the replication origin allowing for eﬃcient
assembly of the prereplicative complex and subsequent origin
ﬁring [9,10]. A function of ABF1 in chromatin restructuring
is also suggested from observations that ABF1 bound at pro-
moters of ribosomal genes recruits Esa1, an essential histone
acetyltransferase in S. cerevisiae [9].
From footprinting and DNA mutation analysis, the consen-
sus sequence (5 0-CGTnnnn(G/A)(G/A)(T/C)GA(G/C)) has
been postulated as an ABF1 binding site [11]. This consensus
sequence, however, appears to be not well deﬁned since non-
consensus sequences for ABF1 function have been described
too. The yeast TBP-encoding gene contains a Positive Distal
Element (PDE), which acts as a binding site for ABF1
in vivo and does not ﬁt the classical ABF1 consensus [12]. Re-
cent experiments using DNA microarrays [13] and chromatin
immunoprecipitation [14] have expanded the deﬁnition of the
ABF1 consensus motif. In order to get more detailed informa-
tion about the sequence requirements for ABF1 binding, we
have used an in vitro SELEX approach which allowed us to
extend the consensus sequence for ABF1 binding and to iden-
tify sequences which bind particularly strong to ABF1.2. Materials and methods
2.1. Bacterial strains and plasmids
Escherichia coli Xl1-Blue was the cloning host in this work. Plasmid
pUC19-SELEX was constructed by cloning the DNA aptamers from
the 15th SELEX round into the EcoR1 and BamH1 site of pUC19.
Plasmid pUC19-ARS1 contains a 243-bp ARS1 element cloned in
the pUC19 vector. The Abf1-gene was cloned into the BamH1 site of
pQE12 (QIAGEN) by Dr. N. Dank (Bayreuth, Germany).
2.2. Puriﬁcation of ABF1
C-His-tagged ABF1 was overexpressed from E. coli cells trans-
formed with the expression vector pQE12-ABF1 by induction with
IPTG (isopropyl-b-thiogalactopyranosid). Cell pellet was resuspended
in lysis buﬀer (50 mM Na phosphate, pH 8.0, 300 mM NaCl, 10 mM
imidazole, 1 mM PMSF) at 4 ml/g wet weight and mixed with protease
inhibitor mix (Complete tabs, Roche) and lysozyme to 1 mg/ml. After
incubation on ice for 30 min, cell lysate was sonicated on ice. The
lysate was then incubated with 10 lg/ml RNase and 5 lg/ml DNase
for 10 min and pelleted at 10000g for 30 min and at 15000g forblished by Elsevier B.V. All rights reserved.
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superﬂow slurry (QIAGEN) and was shaken at 4 C for 60 min. The
slurry was ﬁlled into a glass column and unbound protein was washed
out with lysis buﬀer. ABF1 was eluted from the Ni–NTA column with
250 mM imidazol and dialysed against buﬀer A (50 mM HEPES, pH
7.5, 10 mM MgCl2, 5% glycerol) containing 100 mM NaCl. The solu-
tion was then loaded on a 2 ml sulfopropyl-sepharose column (Phar-
macia), equilibrated in buﬀer A with 100 mM NaCl, and ABF1 was
eluted with 1 M NaCl. DNA-binding activity of the puriﬁed ABF1
was assayed in EMSA experiments using a 28-bp double-stranded
DNA (5 0-GCAAATTTCGTCAAAAATGATAAGAAAC) contain-
ing the ARS1 motif.
2.3. EMSA
Electrophoretic mobility shift assays (EMSA) were performed in
10 ll of binding buﬀer (25 mM HEPES, pH 7.5, 25 lM ZnCl2,
2 mM b-mercaptoethanol, 5% glycerol, 75 mM NaCl, 0.1 mg/ml poly-
(dI-dC) and 0.1 mg/ml BSA). Varying amounts of ABF1 protein were
mixed with [5-32P]-labelled double-stranded substrate and incubated at
4 C for 20 min. The mixture was then subjected to electrophoresis on
5% polyacrylamid gels in 0.5· TBE (45 mM Tris-borate and 1 mM
EDTA) at 4 C. The intensities of the radioactive bands were quanti-
ﬁed with an instant imager (Canberra-Packard).
2.4. Selection of DNA fragments that bind ABF1
SELEX experiments started from the 74-b long template (5 0-GAC-
CCGTAGGGCAGTGAATTCAG-N30-GCAAGCTTGGACGTGT-
GTGCG) including 30 random nucleotides and two PCR primer
sequences. PCR with a [32P]-labelled primer A (5 0-GACCCGTA-
GGGCAGTGAATTCAG) and the unlabeled primer B
(5 0-GCGACACACGTCCAAGCTTGC) yielded a radioactive PCR
fragment which was used for an EMSA-based selection. The PCR
fragment was incubated with increasing amounts of ABF1 protein in
10–20 ll of binding puﬀer containing 5 mM MgCl2 and various
concentrations of NaCl. The binding conditions for the 15 SELEX
rounds are given in Table 1. Free and ABF1-bound DNA was sepa-
rated on a 2.5% LMP-agarose gel in 0.5· TBE buﬀer (45 mM Tris-bo-
rate and 1 mM EDTA) at 4 C. Protein–DNA complexes were cut out
from the gel, incubated for 10 min at 65 C and diluted with 1 mM
MgSO4 to a ﬁnal agarose concentration of 1% (w/w). 5–50 ng of
DNA in agarose were mixed in 100 ll Vent-buﬀer (New England Bio-
labs) supplemented with 0.2 mM dNTPs, 1 lM radioactively labelled
primer A and 1 lM primer B, 2 mMMgSO4 and 4 U Vent-DNA-Poly-
merase (New England Biolabs) and then heated for 15 s at 94 C. The
sample was subjected to 25 PCR cycles (5 s at 94 C, 5 s at 55 C, and
5 s at 72 C). The PCR was fractionated on an 8% polyacrylamide gel
or 3.5% LMP agarose gel in 0.5· TBE, and the band corresponding to
74 bp DNA was cut out and puriﬁed from the gel with the silica-based
DNA puriﬁcation kit QIAEX II (Qiagen). The concentration of DNA
was determined by UV spectroscopy and a speciﬁed amount (see Table
1) was used for the next cycle of the SELEX procedure. After the 4th
round, two radioactive complexes were identiﬁed by 5% PAGE. These
two DNA fractions were isolated and subjected separately to further
SELEX rounds. To follow up the enrichment of aptamer sequences
during the SELEX rounds we used as reference a 74-bp PCR product
from the ARS1 element, which contained one ABF1 recognition site.
2.5. Cloning and analysis of selection products
After the 15th SELEX round the two DNA pools were treated with
BamHI and EcoRI and cloned into the pUC19 vector cut with the
same enzymes. Plasmid DNA was prepared from 109 clones of pool
I and from 106 clones of pool II and sequenced. The pool II corre-
sponded to complexes of lower mobility. The motif of the selectedTable 1
ABF1-DNA binding conditions for the 15 selection rounds
SELEX-round DNA (pmol) ABF1 (pmol) cNaCl (mM)
1–5 2.0 2.0–24.0 100
6–9 0.1 0.37–1.5 100
10–12 0.1 0.37–1.5 200
13 0.1 0.37–1.5 300
14–15 0.1 0.25–1.0 350aptamers were identiﬁed with the MEME programme [15] requiring
that one motif is present on each sequence. Motif width was restricted
between 12 and 20 bases.2.6. Quantitative EMSA
From the pool I, several aptamers were selected including the most
abundant sequences. The respective oligonucleotides were hybridized
and used as substrate in a quantitative EMSA. As a positive control
a 28-bp length ARS1 fragment (5 0-GCAAATTTCGTCAAAAATG-
ATAAGAAAC) containing one ABF1 binding site was used. The
binding data were analysed assuming a single binding event on the
DNA substrate with the dissociation constant KD.3. Results
3.1. Selection of ABF1 speciﬁc DNA aptamers
For DNA selection in vitro, we used a radioactively la-
belled DNA pool of 74-bp duplex substrate containing
30 bp of random sequence. The DNA pool was incubated
with recombinant ABF1 containing a C-terminal (His)6-tag
and free and ABF1-bound DNA were then separated on na-
tive gels (EMSA). Gel slices containing the ABF1-DNA com-
plex were cut out, the DNA was isolated, ampliﬁed by PCR
and was then subjected to the next round of selection and
ampliﬁcation. In the higher selection cycles, the separation
of free and bound DNA was performed at various protein
concentrations. At 4-fold excess of ABF1 over DNA a single
complex band was observed, whereas at higher excess (>8-
fold) a second complex of lower mobility can be identiﬁed
(data not shown). We suspect that these complexes contain
DNA with more than one ABF1 molecules bound. After
the 4th round of selection, both types of DNA complexesCo
nt
Fig. 1. Comparison of the ABF1 DNA-binding activity of the pools
after diﬀerent SELEX rounds. Approximately 10 nM of labelled DNA
from every pool of SELEX rounds 7 through 15 was incubated with
100 nM ABF1 in the presence of 75 mM NaCl (standard conditions)
and the amount of bound DNA was quantiﬁed by EMSA. As a control
we used a 74-bp PCR product containing the ABF1 site of ARS1.
During selection the salt concentration was raised from 100 to 350 mM
NaCl (see Table 1).
 Fig. 2. Alignment of ABF1 speciﬁc DNA aptamers from the pool I. All 106 sequences derived from the pool I were analysed by the motif search
programme MEME [15]. Shown is the alignment of the sequences in order of the P-value. Sequences with a low P-value agree best with the
consensus. For clarity 54 sequences with intermediate values were omitted and sequences with the same binding site sequence are shown only once
and the number of occurrences is given at the end of the line.
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and selection. Pool II corresponds to the complexes with
the lower mobility in the gel. To increase the binding speciﬁc-
ity, we included 200 mM NaCl in the binding reaction of theSE
PB
C
Fig. 3. Graphical representation of the consensus. From the consensus of the
with a P-value below 0.001. The binding site is bipartite with the most con
consensus sequences derived from PBM [13] and ChIP to Chip [14].10th cycle, 300 mM NaCl in that of the 13th cycle and
350 mM in the 14th cycle. After each cycle the new pool
and the previous cycle pool as well as a 74-bp ARS1 probe
were submitted to semi-quantitative EMSA experiment in or-LEX
M
hIP
MEME analysis a logo was plotted based on all 65 aligned sequences
served positions 4 to 8 and 13 to 16. Shown are also the logos of the
Table 2
ABF1 binding aﬃnity for selected DNA aptamers
Frequency Sequence KD (nM)
12 CCACAGTACTACCGTATAACATGATGTCAA 0.06 ± 0.02
5 TAGTGATGTTCGTGGCGAATGATACACTTA 0.44 ± 0.11
ARS1:GCAAATTTCGTCAAAAATGATAAGAAAC 1.4 ± 0.1
4 TGTATCGTATTTGGTGATGTTTGGTGTTCA 2.1 ± 0.2
4 ACATGTGATGATATATCGTGTCTCGTGATA 2.4 ± 0.4
3 CGTGTCGTATTGAGTGATATGATGCACATA 4.1 ± 0.6
1 ATACGTAACTAACGACGATCCCCTACGTTA 4.7 ± 1.1
4 TTACCGTGATGTATGATATGCATCCACCGTG 10.8 ± 1.5
1 ATCGATGACCCGTAGTGCAGTGAATTACGT 250.8 ± 9.8
Apparent dissociation constants were determined by quantitative EMSA (see Fig. 4) for selected DNA aptamers. Shown in the table is the number
of times the aptamers were found in the 106 sequences of pool I (frequency). Conserved nucleotides of the canonical ABF1 recognition motive
CGTnnnnnnnGA are showing in bold. The weakest binding aptamer (last line) has an additional base between the CGT and the GA motif. The
aﬃnity of the ARS1 sequence was also determined.
Fig. 4. Determination of the ABF1 binding aﬃnity to a selected aptamer. The aptamer sequence TGTATCGTATTTGGTGATGTTTGGTGTTCA
was hybridized with its complementary strand and used in a quantitative EMSA. Shown is the autoradiography of the native gel (A) and a plot of the
binding data (B). The dissociation constant was determined to be 2.1 ± 0.4 nM assuming single-site binding.
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well by ABF1 (Fig. 1). After the 15th selection step both
pools showed similar DNA binding aﬃnity as the 74-bp
ARS1 probe. The DNA aptamers of this cycle of selection
were digested with BamHI and EcoRI, cloned into the
pUC19 vector and sequenced. All together we sequenced
106 aptamers from DNA pool I and 109 aptamers from pool
II.
3.2. Alignment of the selected DNA aptamers
First the sequences of pool I were analysed. By using the mo-
tif search programme MEME [15], we could identify a motif
with the consensus sequence: TATCGTATTGCATGAT, with
the bold letters representing bases which are highly conserved.
The alignment of ABF1 speciﬁc sequences is shown in Fig. 2
and the consensus motif identiﬁed by MEME is represented
graphically as a logo in Fig. 3. The motif is similar to the pre-
viously described consensus sequences of ABF1 but is consid-
erably longer (16 bp). Our approach identiﬁes bases at the
border of the motif which seem to improve the binding of
ABF1 to DNA. We recognized that some clones carried iden-
tical sequences. One sequence was found 12 times in the pool
and ﬁve other motifs were identiﬁed between 3 and 5 times
(Fig. 2). In order to verify our SELEX selection, we measured
the binding aﬃnity for some of the aptamers by quantitative
EMSA (see below).The analysis of pool II proved to be more diﬃcult. The
lower mobility in the gel suggests that multiple binding
occurred on these aptamers. We were not able to ﬁnd a
clearly deﬁned consensus in this pool. We suggest that two
ABF1 molecules bind to these apatmers with partly overlap-
ping DNA binding sites. Clearly under these circumstances
it is more diﬃcult to ﬁnd a well-deﬁned consensus.3.3. Analysis of aptamer-ABF1 interaction by EMSA
For quantitative ABF1-DNA binding analysis by EMSA
(Fig. 4), we selected 6 DNA aptamers from pool I which oc-
curred more than once and contained diﬀerent consensus mo-
tifs as well as two randomly selected aptamers (Table 2). The
binding of the aptamers was compared to that of a 28-bp
ARS1 oligonucleotide. The apparent binding constants are
summarized in Table 2. Our analysis indicates that the binding
aﬃnity of the DNAs increases with the abundance of the motif
in the pool (Fig. 5A). These experiments validate our SELEX
approach and underscore that the multiple occurrence of DNA
sequences is non-random.
As an additional independent control of our approach, we
related the EMSA data with the P-values of the MEME
analysis (Fig. 5B). We found that the dissociation constant
is correlated with the P-value, which reﬂects the similarity
of the sequence with the consensus.
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Fig. 5. Correlation between the aptamer-ABF1 binding aﬃnity and the sequence abundance and the P-value of the motif. (A) The number of
occurrences of a aptamer sequence was plotted against the dissociation constant of the DNA ABF1 equilibrium. There is a clear trend that abundant
sequences are bound with higher aﬃnity by ABF1 (Spearman rank correlation coeﬃcient R = 0.91, P 6 0.002). (B) The dissociation constant of the
binding reaction is plotted against the P-value of the MEME analysis. Sequences which are bound with high aﬃnity have a lower P-value indicating
that they agree better with the consensus derived by the MEME analysis (Spearman Rank correlation coeﬃcient R = 0.71, P 6 0.06).
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In this work, we have selected for speciﬁc ABF1 binding
sequences on double-stranded DNA by a SELEX procedure
in vitro. Starting from a pool of short double-stranded DNAs
containing a 30-bp randomized sequence we selected two pools
of DNA sequences that were bound with high aﬃnity by ABF1
in electrophoretic mobility shift assays. From DNA pool I, we
have analysed 106 sequences from which we could derive the
consensus TATCGTATTGCATGAT. The sequences from
pool II were quite heterogeneous and we could not obtain a
consensus for this pool. As the complexes of pool II showed
a lower mobility as compared to pool I, we assume that these
complexes contain more than one ABF1 molecule per DNA.
The randomized length of the aptamer pool is much longer
than the consensus site of ABF1 and it may well be that two
ABF1 molecules can bind on the DNA. In this case, two
binding sites may be present and may overlap. This could ex-
plain our diﬃculty in deﬁning a clear consensus from this pool.
The consensus derived from pool I is clearly a bipartite motif
in agreement with previous studies. However, our selection
experiments extend the consensus by including a T residue at
the 5 0-end. Representative aptamers were tested in a quantita-
tive EMSA experiment for the binding aﬃnity with ABF1. The
strongest ABF1 binding was observed for aptamers with the
highest representation in the DNA pool underscoring the cor-
relation of DNA binding strength and selection by EMSA.
The consensus motif for the ABF1 sites derived from the
other investigations is in very good agreement with the core
of our consensus. The fact that our consensus includes an
additional T-residue at the 5 0-end indicates that residues out-
side of the hitherto known consensus can contribute to
increase the binding aﬃnity. These interactions may occur
only in the binary DNA-ABF1 situation. In the physiological
context, ABF1 is engaged in numerous protein–protein
interactions [16] and the structural parts of ABF1 that con-
tact the T-residue of the extended core in our in vitro studies
may not be available for DNA binding in the physiological
situation.
One of the randomly picked aptamers is bound only very
weekly by ABF1 (KD = 251 ± 10 nM, Table 2). This aptamer
does not correspond to the canonical CGTnnnnnnnGA motif
since an extra base pair is present in the middle of the bipar-tite motif. It is not uncommon that after the selection
in vitro some of DNA aptamers show up to 300-fold diver-
gence in the binding aﬃnity [17]. For example, after the 9th
SELEX round only 28 of 70 selected DNA aptamers bind
with the bacterial IHF Protein and interact up to 100-fold
more weakly than the wild-type DNA [18]. We have found
it crucial to increase the salt concentration during the SE-
LEX experiments in order to improve the speciﬁcity of the
binding reaction [19].
In recent years, several groups have addressed the question
of ABF1 bound to intergenic regions by in vitro and in vivo
studies. Chromatin immunoprecipitation [14] and protein
binding to microarrays (PBM) [13] have provided a ﬁrst com-
prehensive insight into the genes that are potentially regulated
by ABF1. The spectrum of ABF1 regulated genes has been fur-
ther enlarged by expression proﬁling in ABF1 wild type and
ABF1 mutant strains [20].
However, in this study only a fraction of the identiﬁed pro-
moters seem to be regulated by ABF1 as can be seen in an
activated or repressed transcription of the mutant versus the
wild-type strain. Clearly, the DNA binding is not the only
determinant for transcriptional regulation by ABF1. Coopera-
tion with other transcription factors and the local chromatin
structure may play an important role. Nevertheless, three ap-
proaches with very diﬀerent experimental design (SELEX,
ChIP, PBM) yield essentially the same consensus. For the iden-
tiﬁcation of speciﬁc DNA binding sites the completely in vitro
approach by SELEX appears to be equally powerful as the
global approaches.
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